Abstract: Type 2507 superduplex stainless steel 20 mm in thickness was multi-pass-welded with Gas Metal Arc Welding (GMAW) and Flux-Cored Arc Welding (FCAW) processes. Recommended and higher arc energies and inter-pass temperatures were used. Thermal cycles were monitored using a recently developed procedure involving the successive instrumentation of the multi-pass welds, pass by pass, by addition of thermocouples in each weld pass. The repeatability of temperature measurements and survival rate of more than 90% of thermocouples confirmed the reliability of the procedure. Reheating by subsequent passes caused a progressive increase in the austenite content of the weld metal. The as-deposited GMAW passes with higher-than-recommended arc energy showed the lowest presence of nitrides. Therefore, the cooling rate-and not the time exposed at the critical temperature range-seems to be the key factor for nitride formation. The welding sequence layout also plays an important role in the distribution of secondary phases. A larger amount and concentration of secondary austenite and σ-phase was found for a larger number of subsequent passes in the immediate vicinity of a specific weld pass. The impact toughness exceeded requirements for all welds. Differences in absorbed energies were related to the amount of micro-inclusions found with the FCAW weld showing the lowest absorbed energies and highest amount of micro-inclusions. Pitting corrosion preferentially initiated in locations with secondary austenite and σ-phase. However, in the absence of these secondary phases, the HAZ containing nitrides was the weakest location where pitting initiated. The results of this work have implications on practical welding for superduplex stainless steels: the current recommendations on maximum arc energy should be revised for large thickness weldments, and the importance of the welding sequence layout on the formation of secondary phases should be considered.
Introduction
Since the beginning of the 1990s duplex and superduplex stainless steels have played an essential role in the oil and gas industry, in transportation, in construction applications, and in the process industry [1] .
However, the practical application of superduplex stainless steels using large thickness plates and pipes is strongly dependent on the use of welding for fabrication, and there is still an important lack of knowledge regarding multi-pass welding of these steels. In multi-pass welding, some areas of the weld region are repeatedly heated. It is well known that when heated to, and in particular
The selection of the shielding gas for GMAW welding was initially based on previous research [12, 13] . However, a recent study [14] and preliminary trials in this project confirmed that small amounts of arc stabilizing components (O2, CO2) in the shielding gas caused porosity in superduplex multi-pass welds with more than 3 passes. Therefore, the shielding gas selected for GMAW was Ar + 30%He. For FCAW, MISON 18 was used, as this is the recommended gas for this consumable; for the GTAW root in the GR experiment, the shielding gas was MISON N2. Table 2 . Designation and chemical composition of the plate and the fillers. For GTAW and GMAW, it refers to the wire composition, whilst for FCAW it refers to the all-weld composition (wt %). 
Methodology to Study Multi-Pass Welds
The base material plates were V-60 bevelled and tacked along the 500 mm edge to be welded. The root pass filled the complete groove length (500 mm), but every subsequent weld pass was shortened 50-70 mm in length from the previous weld pass length, as shown in Figure 2 . The aim was to have one coupon containing the last (as-deposited) pass and the previous ones. Therefore, it was possible to obtain, for each weld pass, a section to characterize the weld and HAZ microstructure and to follow the evolution of the microstructure after each thermal cycle experienced by the material. Table 2 . Designation and chemical composition of the plate and the fillers. For GTAW and GMAW, it refers to the wire composition, whilst for FCAW it refers to the all-weld composition (wt %). 
Designation

Methodology to Study Multi-Pass Welds
The base material plates were V-60 bevelled and tacked along the 500 mm edge to be welded. The root pass filled the complete groove length (500 mm), but every subsequent weld pass was shortened 50-70 mm in length from the previous weld pass length, as shown in Figure 2 . The aim was to have one coupon containing the last (as-deposited) pass and the previous ones. Therefore, it was possible to obtain, for each weld pass, a section to characterize the weld and HAZ microstructure and to follow the evolution of the microstructure after each thermal cycle experienced by the material. Welding configuration used to extract coupons to study the evolution of the microstructure caused by the subsequent weld passes. The numbers from 1 to 7 correspond to the locations where coupons with passes from 1 to 7 were extracted and contained that number of weld passes, i.e., 1 means one weld pass, 2 means two weld passes, and so forth until 7, including the seven weld passes in the GH weldment.
The microstructural inspection included the evaluation of the general microstructure and the presence of secondary phases: nitrides, secondary austenite (ɣ2), and σ-phase in the weld metal and the HAZ.
The measurement and recording of the temperatures was conducted by successive instrumentation of the multi-pass welds, pass by pass, by addition of thermocouples in each weld pass. A combination of K-type thermocouples, (1) harpooned in the melt pool and (2) inserted from the backside through 2 mm drilled holes from previously deposited passes and spot welded on the surface of the joint, was used. Figure 3 shows two inserted thermocouples after drilling-the plate and previous weld passes-and spot welding them to the surface of the joint. Figure 4 illustrates the layout of the inserted thermocouples at the back side of the joint and the harpooned thermocouples Welding configuration used to extract coupons to study the evolution of the microstructure caused by the subsequent weld passes. The numbers from 1 to 7 correspond to the locations where coupons with passes from 1 to 7 were extracted and contained that number of weld passes, i.e., 1 means one weld pass, 2 means two weld passes, and so forth until 7, including the seven weld passes in the GH weldment.
The microstructural inspection included the evaluation of the general microstructure and the presence of secondary phases: nitrides, secondary austenite (G 2 ), and σ-phase in the weld metal and the HAZ.
The measurement and recording of the temperatures was conducted by successive instrumentation of the multi-pass welds, pass by pass, by addition of thermocouples in each weld Appl. Sci. 2019, 9, 1050 4 of 18 pass. A combination of K-type thermocouples, (1) harpooned in the melt pool and (2) inserted from the backside through 2 mm drilled holes from previously deposited passes and spot welded on the surface of the joint, was used. Figure 3 shows two inserted thermocouples after drilling-the plate and previous weld passes-and spot welding them to the surface of the joint. Figure 4 illustrates the layout of the inserted thermocouples at the back side of the joint and the harpooned thermocouples at the top side of the joint. At each weld pass, 2-4 thermocouples were added to record the thermal cycles. Up to 32 thermocouples were used to record the thermal cycles simultaneously in one weld.
Appl. Sci. 2019, 9 4 of 18 Figure 3 . Example of two inserted thermocouples to register temperatures in Weld Pass 2. Holes of 2 mm in diameter were used to insert the thermocouples from the backside by drilling through the root pass. After the insertion, the thermocouples were spot welded on the surface of the joint-in this case, the surface of the root pass. Note that the image shows the harpooned thermocouples only in the last passes because most of them have to be removed prior to welding of the following weld pass.
Equipment and Testing
Ferrite content in the weld metal was measured by the magnetic permeability technique (Fischer Feritscope FMP30). It has to be noted that ferrite content measured by magnetic permeability was converted to and displayed as % ferrite by Fischer Feritscope's internal correlation. The reason for this was to present ferrite content using the same unit as in the image analysis evaluation done for the HAZ, although this is not included in the current paper. Light optical microscopy (Olympus BX60M, Zeiss AxioCam MRC5) was used for microstructural characterization and image analysis. Electrolytic etching with 40% NaOH was selected to reveal the general microstructure and σ-phase, whilst 10% oxalic acid was used to reveal nitrides.
Impact toughness testing was conducted in the weld metal and the HAZ according to ISO 9016 [15] . A total of 36 specimens were tested, 12 per experiment, which corresponds to three repetitions for each temperature and location. Holes of 2 mm in diameter were used to insert the thermocouples from the backside by drilling through the root pass. After the insertion, the thermocouples were spot welded on the surface of the joint-in this case, the surface of the root pass. Holes of 2 mm in diameter were used to insert the thermocouples from the backside by drilling through the root pass. After the insertion, the thermocouples were spot welded on the surface of the joint-in this case, the surface of the root pass. Note that the image shows the harpooned thermocouples only in the last passes because most of them have to be removed prior to welding of the following weld pass.
Impact toughness testing was conducted in the weld metal and the HAZ according to ISO 9016 [15] . A total of 36 specimens were tested, 12 per experiment, which corresponds to three repetitions for each temperature and location. 
Impact toughness testing was conducted in the weld metal and the HAZ according to ISO 9016 [15] . A total of 36 specimens were tested, 12 per experiment, which corresponds to three repetitions for each temperature and location.
Corrosion testing was performed following ASTM G48E [16] for a total of 30 coupons, 10 per experiment, to evaluate the critical pitting temperature (CPT). This test is normally considered for surfaces in contact with the media, not for cross sections. However, in this study, the cross section was the area of interest. In such large size specimens, it was decided not to consider the weight loss criterion established by Norsok M-601 (<4 g/m 2 ) because the results might not reflect the true corrosion resistance of the area. Instead, the criterion to pass the test was the absence of pits deeper than or equal to 0.025 mm.
To compare the influence of the arc energy on the pitting corrosion resistance of the GMAW welds, the ASTM G150 test [17] was performed on coupons extracted 6 mm from the root. The test was stopped as soon as 0.1 mA/cm 2 was registered in order to find the most susceptible location to pitting corrosion. Since the 60 s holding time requested by the standard was not kept after registering the 0.1 mA/cm 2 , the temperature at which pitting started was not strictly speaking the CPT, but it served for comparison purposes.
Finally, weld metal oxygen content was analyzed in a LECO TC-436 furnace.
Evaluation of Thermal Cycles
The recorded thermal cycles were used for different purposes. Firstly, the cooling rates based on the cooling times between 1200 and 800 • C (t 12/8 ) were calculated. Secondly, the time that each weld run was exposed to critical temperature ranges for the formation of secondary phases was calculated.
In the selection of critical temperature ranges for the formation of secondary phases, data available in the literature and extracted from computational thermodynamics (JMatPro, Sente Software, Surrey, UK) were used. For intragranular secondary austenite (G 2 ), formation was assumed to happen at temperatures higher than 500 • C [2, 18] and dissolution at temperatures around 1375 • C [19] . For chromium nitrides, the temperature range for most rapid formation was from 700 to 900 • C [2] and dissolution around 1070 • C according to JMatPro. The upper temperature for σ-phase formation was calculated based on the experimental chemical composition of the welds using JMatPro. The lower temperature for relatively rapid formation was set to 750 • C as TTT diagrams by JMatPro showed that around 100 s at that temperature would be required to have 0.1% σ-phase precipitated. The upper temperature was found to be between 1055 and 1073 • C, depending on the specific weld metal composition considered. A temperature of 1073 • C was selected to be the upper temperature for σ-phase in the analysis of the thermal cycles.
The following approach was used to calculate the time that each weld run was exposed to critical temperature ranges in the formation of secondary phases: In those weld passes where the liquidus temperature was reached, only the cooling part of the thermal cycle curve was considered. However, in the weld passes where the liquidus temperature was not reached, the heating and cooling branches of the thermal cycle were considered. The thermal cycles were also used to evaluate a possible dissolution of nitrides and σ-phase at temperatures above their upper temperature for thermodynamic stability; hence by calculating the time at which the weld passes were exposed at temperatures higher than those upper temperatures.
Results
In this chapter, two different types of results are presented: firstly, results related to the reliability of the methodology used for the temperature measurements and, secondly, results in connection to the microstructure and properties of the multi-pass welds.
Reliability of Temperature Measurements
Using a combination of K-type thermocouples, which were (1) harpooned in the melt pool and (2) inserted from the backside through 2 mm drilled holes from previously deposited passes and spot welded on the surface of the joint, was successful, and more than 90% of thermocouples survived. When comparing the measurements obtained by the harpooned and the inserted thermocouples, very low dispersion (from 0.1 to 2.2 s) was found in the time at which the weld metal was exposed to the different temperature ranges of interest. As an example, the temperature vs. time registered during the welding of Weld Pass 7 in the GR weld is shown in Figure 5 . Two thermocouples (tc 13 and tc 14) were inserted through drilled holes, whilst two other thermocouples (tc 15 and tc 16) were harpooned. The time at which Weld Pass 7 was exposed to the critical temperature ranges is also shown in Figure 5 .
Appl. Sci. 2019, 9 6 of 18 (tc 15 and tc 16) were harpooned. The time at which Weld Pass 7 was exposed to the critical temperature ranges is also shown in Figure 5 . Figure 5 . Temperature vs. time plots in Weld Pass 7 in the GR weld registered by using two thermocouples harpooned in the weld metal and two thermocouples inserted into drilled holes. The table embedded in the plot shows the time at which the deposited weld metal was exposed at the three ranges of temperatures studied.
To prove the accuracy of the temperatures measured by the thermocouples, the FR weld was placed in a furnace with the 20 thermocouples used to monitor the temperature in the weld passes connected (see Figure 6 ). All the thermocouples yielded a signal and reacted to the heat pulses in the furnace. Most importantly, the measurements obtained in the furnace proved to be accurate, with a range of dispersion of only 2 °C. Figure 6 . Temperature vs. time plot given by the thermocouples used in the FR weld inserted in a furnace. All the thermocouples yielded signal and reacted to the heat pulses in the furnace. Most importantly, the measurements proved to be accurate, within a range of dispersion of 2 °C.
Cooling Rates
The cooling rates were calculated based on the cooling time (t12/8) registered by the thermocouples in the weld passes. Figure 7 shows the average cooling rate for the weld passes prepared with the same arc energy (Table 1) . It was observed that the cooling rate increased with the number of welding passes and that the welding procedure with higher-than-recommended arc energy (GH) showed the Figure 5 . Temperature vs. time plots in Weld Pass 7 in the GR weld registered by using two thermocouples harpooned in the weld metal and two thermocouples inserted into drilled holes. The table embedded in the plot shows the time at which the deposited weld metal was exposed at the three ranges of temperatures studied.
To prove the accuracy of the temperatures measured by the thermocouples, the FR weld was placed in a furnace with the 20 thermocouples used to monitor the temperature in the weld passes connected (see Figure 6 ). All the thermocouples yielded a signal and reacted to the heat pulses in the furnace. Most importantly, the measurements obtained in the furnace proved to be accurate, with a range of dispersion of only 2 • C.
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The cooling rates were calculated based on the cooling time (t12/8) registered by the thermocouples in the weld passes. Figure 7 shows the average cooling rate for the weld passes prepared with the same arc energy (Table 1) . It was observed that the cooling rate increased with the number of welding passes and that the welding procedure with higher-than-recommended arc energy (GH) showed the lowest cooling rates. 
The cooling rates were calculated based on the cooling time (t 12/8 ) registered by the thermocouples in the weld passes. Figure 7 shows the average cooling rate for the weld passes prepared with the same arc energy (Table 1) . It was observed that the cooling rate increased with the number of welding passes and that the welding procedure with higher-than-recommended arc energy (GH) showed the lowest cooling rates.
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Figure 7. Average cooling rate between 1200 and 800 °C vs. weld pass number and welding procedure. Data for GR weld in Weld Pass 4 is not available because of a failure in the software that monitored the temperatures. The GH weld had only seven weld passes, which is why there are no data for Weld Passes 8, 9, and 10. Weld Pass 7 for FR and GR welds had exactly the same cooling rate (75 °C/s), which is why only one point is shown.
Phase Balance
In this work, the ferrite content was measured by magnetic permeability, pass by pass, so that the influence of the reheating on the ferrite content could be evaluated. Figure 8 presents the evolution in ferrite content of each weld pass for the three experiments. In 25% Cr superduplex stainless steels weldments, Norsok standard M-601 [20] requires a ferrite content between 30 and 70%. Ferrite in the weld passes for the three experiments was within the range established by Norsok M-601. The trend observed was a reduction in ferrite content and therefore an increase of austenite in the weld metal. Average cooling rate between 1200 and 800 • C vs. weld pass number and welding procedure. Data for GR weld in Weld Pass 4 is not available because of a failure in the software that monitored the temperatures. The GH weld had only seven weld passes, which is why there are no data for Weld Passes 8, 9, and 10. Weld Pass 7 for FR and GR welds had exactly the same cooling rate (75 • C/s), which is why only one point is shown.
In this work, the ferrite content was measured by magnetic permeability, pass by pass, so that the influence of the reheating on the ferrite content could be evaluated. Figure 8 presents the evolution in ferrite content of each weld pass for the three experiments. In 25% Cr superduplex stainless steels weldments, Norsok standard M-601 [20] requires a ferrite content between 30 and 70%. Ferrite in the weld passes for the three experiments was within the range established by Norsok M-601. The trend observed was a reduction in ferrite content and therefore an increase of austenite in the weld metal.
The ferrite content in the as-deposited condition and after the last reheating cycle were compared in Weld Pass 1 (the pass experiencing the largest number of reheating cycles). The GH weld showed the highest decrease with 12% ferrite reduction, the FR weld showed a decrease of 7% ferrite, and the GR weld showed a 4% ferrite reduction. The progressive increase in austenite content of the weld metal caused by subsequent reheating was confirmed by metallographic inspection (Figure 9 ). New austenite was formed: in the intragranular zones with the formation of secondary austenite, with the growth of the Widmanstätten austenite laths and with the growth of intergranular austenite.
In this work, the ferrite content was measured by magnetic permeability, pass by pass, so that the influence of the reheating on the ferrite content could be evaluated. Figure 8 presents the evolution in ferrite content of each weld pass for the three experiments. In 25% Cr superduplex stainless steels weldments, Norsok standard M-601 [20] requires a ferrite content between 30 and 70%. Ferrite in the weld passes for the three experiments was within the range established by Norsok M-601. The trend observed was a reduction in ferrite content and therefore an increase of austenite in the weld metal. The ferrite content in the as-deposited condition and after the last reheating cycle were compared in Weld Pass 1 (the pass experiencing the largest number of reheating cycles). The GH weld showed the highest decrease with 12% ferrite reduction, the FR weld showed a decrease of 7% ferrite, and the GR weld showed a 4% ferrite reduction. The progressive increase in austenite content of the weld metal caused by subsequent reheating was confirmed by metallographic inspection (Figure 9 ). New austenite was formed: in the intragranular zones with the formation of secondary austenite, with the growth of the Widmanstätten austenite laths and with the growth of intergranular austenite. 
Secondary Phases
The as-deposited GMAW passes with higher-than-recommended arc energy (GH) showed the lowest presence of nitrides and no nitrides in some cases, despite having remained longer times at the critical temperature ranges. The as-deposited GMAW passes with recommended arc energy (GR) showed the highest presence of nitrides and the FCAW with recommended arc energy was in between.
The root pass (GTAW) in the GR weld contained significant amounts of nitrides after only 6 s in the critical temperature range (Figure 10 ; Left). By far this pass showed most nitrides in the as-deposited pass compared to any other experiment. The first pass in the FR and GH welds presented a nitride-free microstructure despite the fact that they experienced longer times in the critical range. The cooling rate (based on the cooling time t12/8) of the root GTAW pass was the same as the cooling rate of the second GMAW weld pass (38 °C/s), which did not present nitrides (Figure 10; Right) . However, the average size of the ferrite grains in the second GMAW weld was 87 μm +/−12 μm, whilst in the root GTAW pass it was 147 μm +/−35 μm. 
The root pass (GTAW) in the GR weld contained significant amounts of nitrides after only 6 s in the critical temperature range (Figure 10 ; Left). By far this pass showed most nitrides in the as-deposited pass compared to any other experiment. The first pass in the FR and GH welds presented a nitride-free microstructure despite the fact that they experienced longer times in the critical range. The cooling rate (based on the cooling time t 12/8 ) of the root GTAW pass was the same as the cooling rate of the second GMAW weld pass (38 • C/s), which did not present nitrides (Figure 10 ; Right). However, the average size of the ferrite grains in the second GMAW weld was 87 µm +/−12 µm, whilst in the root GTAW pass it was 147 µm +/−35 µm.
showed
The cooling rate (based on the cooling time t12/8) of the root GTAW pass was the same as the cooling rate of the second GMAW weld pass (38 °C/s), which did not present nitrides (Figure 10 ; Right). However, the average size of the ferrite grains in the second GMAW weld was 87 μm +/−12 μm, whilst in the root GTAW pass it was 147 μm +/−35 μm. Regarding the HAZ, nitrides were found in the HAZ of all the passes. In the low-temperature heat-affected zone (LTHAZ), they were concentrated at a distance from the intergranular austenite, but also along the primary ferrite grain boundaries and in the δ/G boundaries ( Figure 11 ). The largest LTHAZ was found in the GTAW pass (root pass) of the GR weld, with nitrides found up to 2 mm from the fusion line. In the high-temperature heat-affected zone (HTHAZ), nitrides were mainly seen in the ferrite. Secondary austenite was only found in the reheated HTHAZ of the GH weld produced with higher-than-recommended arc energy. In that case, the secondary austenite was found in the former nitride locations (Figure 12 ).
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9 of 18 nitrides after only 6 s in the critical temperature range. Average ferrite grain size was 147 μm. (Right) Second pass (GMAW) not presenting nitrides after 6 s in the critical temperature range. Average ferrite grain size was 87 μm.
Regarding the HAZ, nitrides were found in the HAZ of all the passes. In the low-temperature heat-affected zone (LTHAZ), they were concentrated at a distance from the intergranular austenite, but also along the primary ferrite grain boundaries and in the δ/ɣ boundaries ( Figure 11 ). The largest LTHAZ was found in the GTAW pass (root pass) of the GR weld, with nitrides found up to 2 mm from the fusion line. In the high-temperature heat-affected zone (HTHAZ), nitrides were mainly seen in the ferrite. Secondary austenite was only found in the reheated HTHAZ of the GH weld produced with higher-than-recommended arc energy. In that case, the secondary austenite was found in the former nitride locations (Figure 12 ). One general trend observed in all the experiments was that only one reheating cycle was enough to promote the formation of secondary austenite regardless of the time that the material was experiencing temperatures higher than 500 °C. What seems to be a key factor in the secondary austenite formation was the previous presence of nitrides in the ferrite matrix of the as-deposited pass and the number of reheating cycles experienced, which in turn was connected to the weld pass sequence layout (Figure 1 ), described in Section 3.5.
Regarding the σ-phase, in the FR weld, none of the weld passes experienced reheating in the critical temperature ranges, expect for Weld Pass 7, which was exposed for 5 s. However, some locations of the σ-phase were found in Weld Passes 1-6 ( Figure 13 ). One general trend observed in all the experiments was that only one reheating cycle was enough to promote the formation of secondary austenite regardless of the time that the material was experiencing temperatures higher than 500 • C. What seems to be a key factor in the secondary austenite formation was the previous presence of nitrides in the ferrite matrix of the as-deposited pass and the number of reheating cycles experienced, which in turn was connected to the weld pass sequence layout (Figure 1 ), described in Section 3.5.
Regarding the σ-phase, in the FR weld, none of the weld passes experienced reheating in the critical temperature ranges, expect for Weld Pass 7, which was exposed for 5 s. However, some locations of the σ-phase were found in Weld Passes 1-6 ( Figure 13 ).
In the GR weld, few locations with σ-phase were found in Weld Pass 1 (9 s reheated in the critical temperature range) and Weld Pass 4 (1 s reheated in the critical temperature range). As shown in Figure 1 , Weld Pass 4 had four subsequent weld passes in the immediate vicinity.
In the GH weld, according to the thermal cycles, only Weld Pass 1 and Weld Pass 5 experienced some time (16 s and 3 s, respectively) in the critical temperature range for σ-phase formation. However, very small amounts of σ-phase were also found in Weld Pass 2 and Weld Pass 3, which never registered reheating in the critical temperature range.
As a whole, σ-phase was found in very small amounts (less than 1%) and always at δ/γ boundaries ( Figure 13 ) in the three welds. As a general observation, it seems that the formation of σ-phase would involve at least three reheating cycles of the weld metal.
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The Welding Sequence Layout and the Thermal Cycles
The welding sequence layout ( Figure 1 ) seems to play an important role in the distribution of secondary austenite and σ-phase. A larger amount and concentration of secondary austenite was found for a larger number of subsequent passes in the immediate vicinity of a specific weld pass. The same trend was seen for the preferred location for σ-phase formation. In the FR experiment, 
The welding sequence layout ( Figure 1 ) seems to play an important role in the distribution of secondary austenite and σ-phase. A larger amount and concentration of secondary austenite was found for a larger number of subsequent passes in the immediate vicinity of a specific weld pass. The same trend was seen for the preferred location for σ-phase formation. In the FR experiment, Weld Pass 7 was the only one with three weld passes in the immediate vicinity and it was the one experiencing the longest reheating time in the different critical temperature ranges studied: 20 s for G 2 formation, 7 s for nitrides formation, and 5 s for σ-phase formation. Similarly, in the GR experiment, Weld Passes 4 and 6, both experiencing reheating caused by three subsequent weld passes showed the second longest reheating time in the critical ranges of temperatures: 23 s for G 2 formation, 6 s for nitrides formation, and 6 s for σ-phase formation. In the GR experiment, the weld pass experiencing longer reheating times was the root pass: 40 s for G 2 formation, 8 s for nitrides formation, and 9 s for σ-phase formation. In the GH experiment, the maximum number of subsequent neighboring passes was 2, and the root pass was by far the one experiencing the longest reheating time in the critical temperature ranges: 98 s for G 2 formation, 13 s for nitride formation, and 16 s for σ-phase formation.
None of the weld passes in the experiments was at any time in the temperature ranges for the dissolution of σ-phase or nitrides, so dissolution of these phases was not expected.
When comparing the magnitude of the influence of the subsequent weld passes on one deposited pass, the time that the pass was exposed to higher than 500 • C was taken as a reference. The reason is that the formation of the intragranular secondary austenite (G 2 ) was assumed to happen at temperatures higher than 500 • C [2, 18] , and as described in Section 2.4, it is the lowest temperature in the formation of the secondary phases considered. For the FR experiment, only the subsequent deposited passes in direct contact with the pass investigated had an influence (exposure time between 4 and 15 s to T > 500 • C). Interestingly, in the GR experiment, the two subsequent deposited passes had an influence (exposure times between 1 and 24 s to T > 500 • C) until Weld Pass 8, which was only influenced by Weld Pass 9 and not by Weld Pass 10 because of the welding layout (Figure 1 ). In the GR experiment, the root pass was influenced by the three subsequent deposited passes (exposure times between 26 and 44 s). These results were in agreement with the measured cooling rates (Figure 7) : the slower the cooling rate, the more time the pass was exposed to T > 500 • C, and more previously deposited passes were influenced.
Impact Toughness
Charpy-V impact toughness specimens were extracted from the center of the weld section aiming to assess both the absorbed energy in the weld metal and in the HAZ. The measurements obtained in both locations in the three welds exceeded the acceptance criteria 27 J of average absorbed energy at −46 • C with no single values below 70% of that average value according to Norsok M-601 [20] . Figure 15 summarizes the results and confirms that FR welds showed the lowest toughness, and GR showed the highest, with GH weld toughness in between. It is interesting to note that, in the FR weld, the toughness in the weld metal was lower than it was in the HAZ. As expected, the difference in the absorbed energies was in connection with the oxygen content measured in the welds ( Figure 16 ) and consequently with the amount of micro-inclusions observed in the weld metal ( Figure 17 ). There was a higher oxygen content, a higher amount of micro-inclusions in the FR weld, a lower oxygen content, and a practically unnoticeable amount of micro-inclusions in the GR weld. As expected, the difference in the absorbed energies was in connection with the oxygen content measured in the welds ( Figure 16 ) and consequently with the amount of micro-inclusions observed in the weld metal (Figure 17 ). There was a higher oxygen content, a higher amount of micro-inclusions in the FR weld, a lower oxygen content, and a practically unnoticeable amount of micro-inclusions in the GR weld. As expected, the difference in the absorbed energies was in connection with the oxygen content measured in the welds ( Figure 16 ) and consequently with the amount of micro-inclusions observed in the weld metal ( Figure 17 ). There was a higher oxygen content, a higher amount of micro-inclusions in the FR weld, a lower oxygen content, and a practically unnoticeable amount of micro-inclusions in the GR weld. 
Pitting Corrosion
The ASTM G48E corrosion test was used to evaluate the CPT in the three experiments. Both GMAW welds showed the same CPT of 55 • C, whilst the FCAW welds showed a lower CPT value of 50 • C. To rank the GMAW experiments with the same CPT, additional criteria were considered, such as the number and depth of the pits and the weight loss. The GR weld then showed a better ranking than the GH weld.
To compare the influence of the arc energy on the corrosion resistance of the GMAW welds, the ASTM G150 test was performed on GH and GR coupons. Table 3 summarizes the results from the ASTM G150 test together with relevant microstructural features and the location of the pitting initiation. Because of the differences in the time settings with the standard, the temperatures registered are not CPT strictly speaking, but they served comparison purposes. 
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In the weld metal * Not strictly critical pitting corrosion because of the differences in the time settings with the standard.
Porosity was not a concern in terms of pitting corrosion, as pores were surrounded by austenite (see Figure 18 ), most probably because of the presence of nitrogen in the pores. 
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The ASTM G48E corrosion test was used to evaluate the CPT in the three experiments. Both GMAW welds showed the same CPT of 55 °C, whilst the FCAW welds showed a lower CPT value of 50 °C. To rank the GMAW experiments with the same CPT, additional criteria were considered, such as the number and depth of the pits and the weight loss. The GR weld then showed a better ranking than the GH weld.
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Porosity was not a concern in terms of pitting corrosion, as pores were surrounded by austenite (see Figure 18 ), most probably because of the presence of nitrogen in the pores. Figure 18 . A pore (in black) surrounded in the majority of its perimeter by austenite phase (in white).
Discussion
Methodology
The methodology used to monitor the thermal cycles was found to be reliable and accurate. The combination of harpooned and inserted K-type thermocouples showed very low dispersion in the Figure 18 . A pore (in black) surrounded in the majority of its perimeter by austenite phase (in white).
Discussion
Methodology
The methodology used to monitor the thermal cycles was found to be reliable and accurate. The combination of harpooned and inserted K-type thermocouples showed very low dispersion in the measurements, and more than 90% of thermocouples survived. To achieve these results, it was necessary to refine and optimize the methodology by comparing the performance of different thermocouple types (K, N, and C), by checking the influence of insulation material (Inconel ® vs. glass-fiber) and by exploring different insertion and fitting techniques for the thermocouples [21, 22] . As a result of that preliminary study, the methodology used in this work proved to be suitable and very convenient to study not only super-duplex multi-pass welds, but any kind of multi-pass-welded alloy in which the formation of deleterious phases could be a concern.
The experimental approach of shortening in length the weld passes in the joint configuration was found to be very useful to follow the evolution of the microstructure in the weld passes. This technique made it possible to obtain one coupon containing the as-deposited pass and the previous ones. Therefore, the microstructure of each single weld pass, in the as-deposited condition could be compared after each one of the reheats experienced.
Phases
Ferrite
The progressive increase of austenite in the weld metal caused by the reheating is reported in Section 3.3. The internal transformation into % ferrite in the feritscope can add some uncertainty to the measured values, but such values are still useful as an indication of the ferrite trend among the weld passes. New austenite is formed by the subsequent reheating: in the intragranular zones with the formation of secondary austenite and with the growth of the Widmanstätten laths and with the growth of the intergranular austenite. The higher arc energy and interpass temperature in the GH experiment resulted in a lower cooling rate in the weld metal and in a longer period for nitrogen and other elements to diffuse and form austenite, leading to the largest reduction in ferrite (12% ferrite decrease in Weld Pass 1). The presence of micro-inclusions in the GH weld could have additionally helped in the increase of austenite, as it is well known that inclusions act as potential nucleation sites for intragranular austenite.
Nitrides
As described in Section 3.4, the GH weld showed the lowest content of nitrides and no nitrides in some cases, despite having longer times at the critical temperature ranges; the GR weld showed the highest amount of nitrides and the FR weld was in between. These differences observed in terms of nitride content in the welds can be explained by the difference in cooling rates (Figure 7) , influencing the nitrogen diffusion from ferrite to austenite. In addition, the level of micro-inclusions might play a role acting as nucleation sites for austenite and pinning the ferrite grain boundaries preventing grain growth, thus shortening the distance for nitrogen and other elements to diffuse.
To illustrate the importance of the latter phenomenon, in the GR weld, it was observed that the root pass (GTAW) contained significant amounts of nitrides after only 6 s in the critical temperature range, whilst the second weld pass (GMAW) did not present nitrides. The cooling rate (based on the cooling time t 12/8 ) of both passes was the same (38 • C/s). In this case, when cooling rates and therefore the time for nitrogen diffusion is the same, it is expected that larger ferrite grain sizes implies a longer distance for nitrogen to diffuse until reaching the austenite. Thus, precipitation of nitrides was found in the GTAW weld with a larger grain size. There was an absence of nitrides in the as-deposited GH welds, and there were very few nitrides in the reheated weld passes, despite having longer times in the critical range compared with the other welds. This is explained by a low cooling rate (Figure 7) , which allows more nitrogen diffusion to take place.
Secondary Austenite
Only one reheating cycle was needed to promote the formation of secondary austenite regardless of the time that the material was experiencing temperatures higher than 500 • C. Secondary austenite was found in former locations of nitrides ( Figure 13 ). This observation supports the mechanism proposed by Ramirez et al. [23] relating the secondary austenite nucleation to former nitrides precipitation. The weld pass layout plays a role in the distribution of secondary austenite. The larger the number of passes in the immediate vicinity of the deposited metal, the larger the amount and concentration of secondary austenite. Therefore, in secondary austenite formation, the time during which the material is in the critical temperature range is less influential than the number of reheating cycles, as Hosseini et al. reported [24] .
σ-Phase
As reported in Section 3.4, on some occasions, small amounts of σ-phase were found in weld passes that did not reach the critical temperature range (750 • C-1073 • C). In other cases, the time registered went from 1 s in GR to 16 s in GH, times that are on the lower end of times reported in the literature [25] or predicted by thermodynamics. JMatPro predicted for this experiment a TTT curve with a nose (990 • C, 34 s to have 1% σ-phase and 5 s to have 0.1% σ-phase)]. The reasons that might explain these current observations could be related to the following: (a) Locations for thermal recording and for metallographic inspection are different. The coupons for metallographic inspection were extracted from close to the end point of the weld, i.e. close to the downslope, whilst the thermal recording was done at the start of the weld. (b) It has been assumed that the temperatures registered locally and the cooling rates calculated are representative of the entire weld pass. However, in reality, there is a gradient in temperatures within the same weld pass, being the region close to the fusion boundary experiencing higher temperatures than the locations at a distance in the weld pass. (c) The σ-phase could form randomly along the longitudinal weld direction due to local compositional segregation, and the specific section evaluated might contain or might not contain σ-phase. (d) It might be that the kinetics to form σ-phase require longer times at lower temperatures than considered.
Properties
Toughness
All the welds met the impact toughness requirements, and not surprisingly the flux cored wire resulted in a weld metal with more micro-inclusions, a higher oxygen content, a lower impact toughness, and a lower CPT than the welds produced with solid wire, as reported in the literature for duplex stainless steels [26] In terms of toughness in the HAZ, according to the results shown in Figure 14 , absorbed energies in the HAZ showed lower dispersion than the absorbed energies in the weld metal. This means that there are no great differences among the HAZs in the experiments. For the experiment FR, at each testing temperature, toughness in the WM was lower than in the HAZ. Therefore, inclusions and σ-phase found in the WM were more detrimental than nitrides in the HAZ.
Pitting Corrosion
It is well-known that nitrides and σ-phase decrease pitting resistance because of the adjacent depletion in Cr and N (in the case of nitrides) and in Mo (in the case of σ-phase) [27] [28] [29] [30] . It is also recognised that G 2 has lower amounts of N, Cr, and Mo compared to intergranular G and Widmanstätten G [25, 31] , which is also detrimental for corrosion resistance. When the weld metal was free from the above-mentioned secondary phases, as in the GR weld coupon, the HAZ that always contained nitrides became the weakest location for pitting initiation.
Implications on Practical Welding
The results of this work have some implications on practical welding. Until now, the welding guidelines [9] [10] [11] were clear in limiting the maximum arc energy used to 1.5 kJ/mm. However, in the case of large thickness weldments such as the 20 mm studied here, the use of 2.0-2.2 kJ/mm was not found to be detrimental. The number of weld passes was reduced from 10 to 7, which implies a lower number of reheating cycles for the deposited passes and therefore less secondary austenite formation. In addition, the weld with higher-than-recommended arc energy (GH) showed no nitrides in the as-deposited weld and fewer nitrides in the overall weld. The CPT values for both GMAW welds (GR and GH) were found to be the same, and the results of the toughness test exceeded the acceptance criteria. These findings promote the use of a higher-than-recommended arc energy in large thickness weldments of super-duplex stainless steels.
Based on the results from this work, the welding sequence layout should be considered when welding superduplex stainless steels. To have weld passes surrounded by three or more subsequent weld passes should be avoided, as this would result in larger amounts of secondary austenite and σ-phase.
Conclusions
• Multi-pass 20 mm welds of superduplex plates were produced with GMAW and FCAW with recommended and higher arc energies accomplishing the impact toughness requirements.
•
A new methodology for monitoring the thermal cycles and the microstructural evolution was shown to be successful and was consolidated.
Reheating by subsequent passes caused a progressive increase in the austenite content of the weld metal.
The cooling rate and not the time exposed at the critical temperature range is the key factor in the nitrides formation. However, when cooling rates are the same, larger ferrite grains enhanced the precipitation of nitrides, as it implied a longer distance for nitrogen to diffuse until reaching the austenite phase.
A larger amount and concentration of secondary austenite and σ-phase was found for a larger number of subsequent passes in the immediate vicinity of a specific weld pass.
Pitting corrosion preferentially initiated in locations with secondary austenite and σ-phase. However, when the weld metal was free from these secondary phases, the nitrides in the HAZ were the weakest location where pitting initiated.
The results of this work have implications on practical welding for superduplex stainless steels: from the microstructural point of view, the current recommendations on maximum arc energy should be revised for large thickness weldments and the importance, of the welding sequence on the formation of secondary phases should be considered.
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